The sensitivity of gradient echo magnetic res onance imaging (MRI) to changes in cerebral blood oxy genation (CBO) has been introduced for mapping func tional brain activation. Here, we report that this approach allows monitoring autoregulation in the human brain un der vasodilatory stress. Following the administration of acetazolamide, signal intensities of deoxyhemoglobin sensitive images increased in cortical and subcortical gray matter and to a lesser extent in white matter. This result reflects a venous hyperoxygenation stemming from an increase in cerebral perfusion with oxygen consumption remaining constant. In addition, pharmacologic induction of vasodilation attenuated activity-related MRI signal CBF is subject to rapid regional variations that are governed by autoregulation of vasomotor tone. Functional challenge, for instance, induces local ized increases in cerebral blood volume and flow used for neuroimaging of physiologic activation in the human brain. In a similar way, vasomotor re sponses are provoked by the carbonic anhydrase inhibitor acetazolamide and by CO2 inhalation (Ehrenreich et aI. , 1961; Cotev et aI. , 1968). Such vasodilatory stress permits determining the cere brovascular reserve capacity. In human subjects and specifically in patients with cerebrovascular disease, cerebral hemodynamics are currently
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More recently, magnetic resonance imaging (MRI) methods have been developed that are sen sitive to stimulus-induced changes in blood flow and oxygenation (for an overview see Society of Magnetic Resonance in Medicine, 1993) . In the ma jority these techniques exploit the fact that task related increases in flow exceed the demands of oxidative metabolism. The resulting venOl.�s "hy peroxygenation" can be visualized since the con comitant decrease in paramagnetic deoxyhemoglo bin reduces microscopic magnetic field inhomoge neities responsible for signal loss by de phasing of surrounding water protons. Since oxyhemoglobin is diamagnetic, the signal intensity in respective vox els is actually governed by the local oxygenation level (Ogawa et al., 1990) . Therefore, functionally induced changes in cerebral blood oxygenation (CBO) may be used to map the functional anatomy of the human brain at high spatiotemporal resolu tion.
The aim of this study was to demonstrate phar macologically induced changes in CBO in healthy volunteers by deoxyhemoglobin-sensitive MRI techniques. This would provide a basis for assess ing the cerebrovascular reserve capacity by MRI with potential application in cerebrovascular disor ders. Furthermore, we attempted to determine the effect of vasodilatory stress on activity-related he modynamic responses in the human visual cortex.
METHODS
Six healthy male subjects (mean age 30 years, age range 28-34 years) were examined. None had a history of neu rologic illness. All were normotensive. None presented any medical problems precluding the application of acet azolamide. No abnormalities were detected on anatomic MR images. All volunteers gave written informed consent with respect to both the MRI examination and drug ap plication (intravenous bolus of 1. 0 g acetazolamide).
All studies were carried out at 2.0 T (Siemens Magne tom) with use of the standard imaging head coil. Ana tomic imaging was accomplished using three-dimensional Tl-weighted MRI [radiofrequency-spoiled FLASH, 20° flip angle, repetition time/echo time (TRITE) = 15/6 ms, 32 contiguous partitions of 4-mm thickness, 2-min mea suring time]. Investigations of the effect of acetazolamide and photic stimulation were performed in identical sec tions that covered the calcarine cortex posteriorly. From subject to subject, the angulation of the section was var ied to comprise different regions of the brain. The native images were spin density weighted with T2* sensitivity (radiofrequency-spoiled FLASH, 10° flip angle, TRITE = 62.5/30 ms, 4-mm section thickness) to eliminate changes of blood flow as a direct source of signal change in vessels crossing the imaging plane (Frahm et al. , 1994) . Imaging times of 6. 0 s were obtained using a matrix of 96 x 256 data points in conjunction with a rectangular field of view of 150 x 200 m2• In-plane resolution was 0.78 x 1.56 m2. First-order motion-compensating waveforms were ap plied for the frequency-encoding and slice selection gra dient.
The protocol consisted of dynamic imaging over 50-60 min with 1.0 g acetazolamide being administered intrave nously after 15 min. Photic stimulation was performed as described previously (Frahm et al. , 1993 ) using a binoc ularly presented matrix of lO-Hz flicker light. The volun teers had ear plugs and were advised to keep their eyes closed during dark phases.
Two strategies were followed for data evaluation to provide quantitative and topographic information on the effects studied. First, signal intensities were measured as a function of time in several regions of interest (ROIs) defined on anatomic images. To reduce high-frequency noise, datasets were subject to a temporal 1-2-1 filter.
Second, difference maps were calculated by subtracting averaged images at rest from those acquired during phar macologic or physiologic stimulation.
RESULTS
Following intravenous administration of 1.0 g of acetazolamide, all subjects showed an overall rise in MRI signal intensity in the sections studied. The topographic representation of this signal increase can be visualized by subtracting an averaged "base line" image from an averaged "stimulated" image ( Fig. 1) . The effect was most pronounced at the brain surface and closely followed the gyral pattern. A corresponding time course evaluation of ROI in tensities (Fig. 2 ) revealed the onset of signal change � 1 min after drug application with a rise period � 2-3 min. Usually, the effect outlasted the duration of the MRI examination, although in some cases a mild signal decline occurred toward the end of the recording session. Signal changes due to acetazol amide were most pronounced in gray matter but were also seen in white matter and in an ROI cov ering the whole slice without the actual surface.
With use of the same averaged "baseline" and "stimulated" images, quantitative ROI analysis yielded a signal increase of �2% in cortical gray matter and 1% in white matter (Table 1 ). In two volunteers the imaging sections were oriented so as to include subcortical structures. While signal in tensity changes in the thalamus were close to those in cortex, the effect was even more pronounced in the putamen and less marked in the caudate, but this trend did not reach statistical significance. It should be noted that quantitation even of small sig nal changes is reasonable as spontaneous signal al terations in images averaged across the same time span are close to zero.
Prior to injecting acetazolamide, we performed a protocol of visual stimulation. In accordance with earlier results, all volunteers showed a rise in signal intensity of the visual cortex in response to photic stimulation. This effect was markedly attenuated af ter the administration of acetazolamide (Fig. 3) . The signal time course of an ROI in visual cortex dem onstrates the effects of both physiologic and phar macologic manipUlation. Cyclic signal changes of large amplitudes due to periodic photic stimulation are followed by a rise in signal intensity due to the injection of acetazolamide. After reaching a pla teau, signal changes due to photic stimulation ex hibit reduced amplitudes with peak values remain ing close to those attained prior to acetazolamide (Fig. 3a) . The latter aspect becomes obvious when overlaying the signal time courses of identical stim- ulation protocols before and after application of acetazolamide (Fig. 3b) .
Adequate quantitative analysis of the effect of ac etazolamide on activity-related signal changes is hampered by the topographic variability of signal responses under stimulation. In addition, we ob served a remarkable interindividual variability of in teraction between acetazolamide and functional ac-J Cereb Blood Flow Metab, Vol. 14, No.5, 1994 tivation. To more clearly visualize the weakening of the physiologic response, activation maps before and after drug administration were compared in in dividuals. By subtracting respective activation maps, one can create images of the "deficit" in signal change subsequent to acetazolamide injec tion (Fig. 4) .
DISCUSSION
Acetazolamide is known to inhibit carbonic an hydrase and therefore leads to cerebral hypercapnia and extracellular acidosis. The latter is, in all like lihood, responsible for vasodilation and subse quently increased CBF (Bickler et aI. , 1988a,b) . Since this increase is not paralleled by a functional or metabolic challenge, oxidative metabolism has been shown to remain unaffected (Vorstrup et aI. , 1984; Bickler et aI., 1988b) . The resulting "uncou pling" causes a rise in CBO which, as shown here, should be detectable by deoxyhemoglobin-sensitive MRI. A similar "uncoupling" of CBF and oxidative metabolism occurs during functional activation (Fox and Raichle, 1986) and accounts for the effects seen by "functional" MRI. It should be emphasized that the specific MRI technique applied here at tempts to discriminate between increases in CBF and CBO. The use of very small radiofrequency excitation pulses (flip angles of 10°) in conjunction with relatively long TRs (62.5 ms) focuses on changes of the deoxyhemoglobin level, whereas di rect contributions of altered flow in the macrovas culature to difference maps are minimized (Frahm et aI., 1994) . Furthermore, the signal changes can not reflect vasodilation per se as this would induce a signal decrease due to a rise in absolute concen trations of deoxyhemoglobin per voxeI.
The stimulation of CBF and increase in CBO are phenomena associated with both functional stimu lation and adequate pharmacologic manipUlation. Although the vasoactive substances mediating the coupling of perfusion to neural activity are not yet exactly defined, recent findings suggest a contribu tion of nitric oxide to the increase of CBF (for re view see Iadecola, 1993) . On the other hand, nitric oxide also seems to play a role in mediating the effect of hypercapnia on CBF (Iadecola, 1992; Wang et aI., 1992; Pelligrino et aI., 1993) .
Since physiologic and pharmacologic manipula tions in our study are likely to share a final c<;>mmon pathway in achieving vasomotor regulation, it is of interest to study their interaction. With TCD it has been shown that vasodilatory stress reduces the rise in blood flow velocity in the posterior cerebral ar tery during visual stimulation from 30% at normo- capnia to 8% at hypercapnia (Sitzer et aI., 1992) . The overall effect of acetazolamide on CBO as ob served here may be of similar magnitude but es capes adequate quantitation at this stage. We are currently investigating respiratory challenges in rat brain in vivo to evaluate the use of the differential change in the effective spin-spin relaxation rate (1/ T2*) as a measure of blood oxygenation in the mi crovasculature. This parameter should not only be independent of interindividual signal differences and experimental settings, but also bear the poten tial for absolute calibration of oxygenation levels (Prielmeier et aI., 1994).
It should be pointed out that de oxyhemoglobin sensitive MRI at high spatial resolution disclosed whole slice gray matter white matter t a 300 600 900 1200 1500 1800 2100 2400
Time/s considerable intra-and interindividual variability of both acetazolamide-induced and activity-related rises in CBO. Furthermore, the influence of acet azolamide on activity-related signal changes varied throughout visual cortical tissue. These data under line that artificial manipulation of the physiologic range of vasomotor reactivity can attenuate signal responses occurring during stimulation. One impor tant consequence is that MRI may encounter diffi culties when extending functional studies from healthy subjects to patients with hemodynamic compromise. Analogous observations have been re ported in PET studies (Powers et al., 1988) . The response of cerebral perfusion to vasodila tory stress is not merely of scientific but also of PET is considered the gold standard for assessing cerebral perfusion due to its potential to separately quantify CBF, cerebral blood volume, and frac tional oxygen extraction (Herold et aI., 1988) . The present study demonstrates that deoxyhemoglobin sensitive MRI offers a new alternative to the ensem ble of techniques currently applied for evaluating the vasomotor reserve capacity. In this respect, MRI is attractive for several reasons: Next to prac tical advantages such as widespread availability and lack of ionizing radiation, MRI provides .unsur passed spatiotemporal resolution. Given an auto regulatory response time of several seconds, the temporal resolution of dynamic MRI is to be judged more than adequate and surpassed only by equally noninvasive TCD. In fact, the signal time course Difference maps of averaged images during rest and photic stimulation before (a) and after (b) acetazolamide injection. The activation maps were magnified corresponding to a flow-sensitized anatomic reference image (c). In this volunteer the effect of acetazolamide was very pronounced. The deficit in signal intensity change subsequent to acetazolamide is also presented (d), depicting the difference of (a) -(b).
observed here closely parallels changes in blood flow velocity monitored in the middle cerebral ar tery after injection of acetazolamide (Piepgras et al., 1990) . Conversely, TCD provides no topo graphic information except for the more or less col lateralized vascular territory belonging to the in sonated basal artery. In pathologic conditions, the change in collateral blood flow during vasodilatory stress may even render TCD inadequate for assess ing the hemodynamic status (Vorstrup et aI., 1992) .
While there is controversy with respect to the parameters used for estimating the cerebrovascular reserve capacity (Vorstrup et aI., 1992) , neither the spatial nor the temporal pattern of vasomotor reac tivity has been systematically investigated in dis ease conditions. Morphologic information as ob tainable by MRI is suggested to be relevant due to the presence of infarcted areas in such patients. Moreover, leakage through the blood-brain barrier does not hamper signal quantitation as no contrast media are applied. However, at this point, compar ative studies of PET, single photon emission com puted tomography, TCD, and MRI appear war ranted to clarify clinical usefulness of the latter ap proach. While vasodilatory stress results in an increase of CBO, patients might even present de-creased CBO at rest if the oxygen extraction frac tion rises once the upper limit of autoregulation is passed.
In summary, the present study has delineated the effect of acetazolamide on CBO with use of deoxy hemoglobin-sensitive MRI and demonstrated the in teraction with physiologic signal alterations due to functional stimulation. The potential to assess va somotor reactivity complements the arsenal of functional brain investigations feasible with MRI. Bonte FJ, Devous MD, Reisch JS (1988) 
